Introduction
Evidence has accrued in recent decades revealing that shoreward propagating packets of internal solitary waves are both frequent and widespread features on the shelf region surrounding virtually all land masses. The leading waves in these packets are often found to have quite large amplitudes and therefore possess quite energetic velocity fields. Since these waves also have wavelengths that frequently exceed the flui:d depth, they "feeI" the bottom surface and can potentially induce quite energetic localized disturbances in the benthic boundary' layer, even to the extent of stimulating significant episodes of resuspension. Further, depending on marily addressed the issue of horizontal transport, noting the capacity of these packets to transport partictfiates and to induce significant changes in temperature. Recognition that these factors can have first-order effects on coastal environments has been increasing in recent years. In the present effort we seek to explore the potential capacity Of packets of long internal waves, partictfiarly solitary waves, to create thin horizontal layers containing significantly enhanced concentrations of particles. The motivation stems from a desire to understand both the possible origin for optical signatures associated with these long wave packets and the possible impact of these waves on in situ measurements, remote sensing, underwater visibility, and biological processes.
Solitary Wave Characteristics in a Structured Thermocline
To assess the potential of internal solitary waves to stimtfiate resuspension and form layers with enhanced particle concentrations, considering the role of environmental conditions in modifying the velocity fields accompanying these waves is important. For the purposes of this study we choose a family of structured thermoclines that capture the basic features of real environments, at least insofar as low-mode long wave characteristics are concerned, and that also permit the derivation of analytic expressions for the parameters essential to weakly nonlinear theory. The motivation is to provide, through simple and rapid calctfiations, an evaluation of the role of varying environmental conditions on wave properties. To this end we take a two-layer model with a homogeneous mixed layer containing a possible uniform velocity shear and a stationary lower layer that is continuously stratified. The interface dividing these two regions is an immiscible density discontinuity as shown schematically in •'igure la. As such, the base state for the long wave model employed here has an infinitely thin seasonal thermocline with s•rength characterized by the reduced gravity • = (pz pl)q/p2 and a broad uniformly stratified perma- We can therefore simply reflect the eigen locus for a specified mode about the abscissa to obtain the corresponding data for an oppositely directed wave. We exploit this symmetry and display different parameter information on the upper and lower halves of Figure 2 . The limiting phase speed for different vertical eigenmodes at a fixed depth ratio is presented in the lower half plane, while the effect of varying depth ratio for mode 1 waves is exhibited in the upper half plane. One observes that the phase speed for a given mode and fixed depth ratio increases as the strength of the stratification of the lower layer increases (i.e., increasing R).
Of course, one should recall that the phase speed is normalized by coo, so the indicated increase with R applies for fixed strength of the seasonal thermocline. The phase speed for a given mode increases with increasing depth of the lower layer at fixed R and reaches an asymptotic value depending only on the mixed layer depth as h tends to infinity. The presence of shear in the mixed layer breaks the x --> -x symmetry and thereby splits the symmetry of the spectrum for upstream and downstream propagating modes. This is shown in Figure 3 The terms on the fight-hand side, successively, account for the particle drag, the added mass, the effect of the ambient pressure gradient, and the gravitational settling. Since we consider exclusively the wave-induced motion for particles having mass densities reasonably commensurate with the host fluid, the Basset history term has been neglected.
The Basset history term is known to become increasingly significant as t. ticle is decreased relative to that of the fluid, especially for bubbles. Hence the neglect of the Basset history term here precludes any consideration of wave-driven bubble motions. This should not be construed to imply that bubble motions induced by internal solitary waves are neither significant nor of interest. On the contrary, results that follow strongly suggest that the effect of internal solitary waves on bubble distributions in the mixed layer may be quite pronounced. We simply note that exploration of wave-induced bubble motions requires inclusion of the history term and therefore modified computational methods. This is being pursued and will be reported in a separate study. We note further that several higher-order terms accounting for strong curvature effects, viscous stresses, particle lift due to strong shear in the fluid, etc., are also neglected in (17). As will become evident in the scaled version of (17) below, the drag force and the gravitational settling terms are dominant for a relevant range of particle sizes and densities, and this range is the range of parameter states that forms the exclusive focus of the investigation reported here.
Motivated by the fact that the Reynolds number for some particles of interest can exceed unity, we consider two different expressions for the drag term fD in (17):
Stokes drag law (Rear << 1)
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In these expressions, P l and /ul denote the mass density and dynamic viscosity of the host fluid, respectively, dp denotes the characteristic diameter of particulates, and Ct• is the drag coefficient appropriate to the value of the particle Reynolds number Rea r = plcoodp//u I when Rea r > O(1).
Since internal solitary waves involve slow motions occurring over long spatial scales, accurate computation of net particle displacements during the passage of a wave requires quite stringent constraints on an integration algorithm for the simulation of (17). For this purpose, we transform the particle motion law by introducing the dimensionless velocity V defined by 3/2
cooV(xp(t),t)-vp(t)-rn + 1/2 ul(xp(t)'t)' (20)
The parameter rn -mp/rn f specifies the ratio of the particle mass to the mass of the displaced fluid. The velocity V is deliberately chosen so that it is precisely equal to the difference between the particle velocity and the fluid velocity when the mass ratio is unity. Using the same representative scales for the particle motion as for the fluid (i.e., coo aL,u h• ) and the nonlinear drag law (equation (19) The form of (21) exposes immediately the consistent conclusion that a particle with mass ratio of unity and initial velocity vp = u i(xp, t) will continue to follow precisely the path of a fluid parcel. In particular, we compute residual displacements of order of the computer round off error for neutrally buoyant particles during the passage of a solitary wave using (21). When integrating (17) directly for the same conditions, residual displacements of order 10 -4 were obtained. Consequently, we believe that the form (21) is particularly advantageous for the purposes of the present study; that is, for accurate computation of particle trajectories over long distances, such as those associated with the passage of an internal solitary wave, and for particles with a mass ratio near unity. The important dimensionless parameters appearing in the transformed particle motion law (equation (21) 
In this case the relevant equation of motion is (21) absent the absolute value quantity in the first term (i.e., the drag term)
on the right-hand side. The Stokes number associated with either drag law contains the ratio of the particle diameter dp to the reference length hx. Now, biological particles of interest range in size, 10 < dp < 2000/urn, and even form small colonies [Waite, 1996] . Also, bubbles formed by surface wave breaking and trapped in the upper-mixed layer are typically in the range 0.1 < dp We present in Figare 14 a map of a particle trajectories at the level z = 0.3 in the mixed layer for a prescribed wave condition for a particle mass ratio 10% smaller than that of the fluid. The calculation was initialized by setting the velocity of the particle at its initial location equal to the fluid velocity at that position. By construction of the simulation this initial velocity of the particle is exponentially small as the initial particle position is considerably upstream from the initial position of the solitary wave. A phase plot of position is shown together with separate displacement-time curves. Together, these reveal the total excursion of a particle, the regions of high and low transit velocity, and the time spent at different levels. That particles in the mixed layer traverse a significant fraction of the mixed layer depth under the influence of a solitary wave is evident. Particles near the midlevel of the mixed layer follow an orbit along which they are plunged to lower levels and subsequently raised to higher levels twice during the passage of a wave, terminating Results of a calculation of residual displacements following the procedure just outlined and for a prescribed wave of depression but for varying particle mass ratios are shown in Figure 15 . One observes that for levels in the mixed layer, heavier particles (rn > 1) experience a positive residual displacement (i.e., upward), while lighter particles (m < 1) experience a negative residual displacement (i.e., downward).
As the mass ratio approaches unity from either below or above, the magnitude of the residual displacement reduces uniformly to zero from respective negative or positive values. The peak residual displacement for particles with mass ratios only slightly different from the fluid is of the order of several centimeters for a typical mixed layer depth of 10 m. What is most striking in Figure 15 , however, is the presence of a level in the mixed layer where particles of either class of mass ratios experience a large gradient in residual displacements. We also point out here that since the peak displacement increases quite •iTapidly as the mass ratio is reduced, light particles such as bubbles may experience rather significant displacements through the action of internal solitary waves. Efforts to quantify this effect are in progress.
The will experience increasingly larger residual displacements. Again, however, the presence of a steep gradient region persists, at least over the range of Stokes numbers examined. In Figure 21 we contrast the displacements for identical particles at a fixed level computed using the different drag laws given in (18) and (19). The magnitude of the residual displacement is significantly smaller under the linear drag law at equal values of the Stokes number. Hence smaller particles will be affected to a much smaller degree by a given wave. Examination of the profile of residual displacements shows that the steep gradient region also diminishes under the linear drag law. Consequently, the tendency for the formation of a thin layer containing enhanced particle concentrations is found to be quite sensitive to the value of the particle Reynolds number. However, when the particle Reynolds number is of order one or larger, thin layer formation under the action of a solitary wave is very likely.
Through the discussion presented here we have considered only residual particle displacements for solitary waves of depression. Although this is a very common wave type found on the shelf region, thermoclinic conditions corresponding to waves of elevation should not be considered to be uncommon. For this reason we display in Figure 22 the displacement profile for a wave of elevation. In this case, particles with mass ratios rn < I experience a net positive displacement, and particles with mass ratios rn > I experience a net negative displacement. This is opposite to what is shown in Figure 15 for a solitary wave of depression. As a consequence, light particles will have a greater tendency for thin layer formation in waves of elevation. = .
Concluding Remarks
Recall that all variables are scaled with the reference length hi and speed coo. We assume that the entire boundary layer development occurs over a plate of length 1 -2L so that a representative plate Reynolds number is Ret, a parameter needed in all semiempirical methods for the calculation of turbulent boundary layer evolution in the presence of a prescribed pressure field. This yields the relation. had decayed to 80% of the peak value were considered to lead to boundary layer separation. That is, possible separation occurring in the tail of the solitary wave was ignored in an attempt to be somewhat conservative in our estimate of critical wave amplitudes leading to separation of the benthic boundary layer under a solitary wave of depression.
